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Treatment options include surgical excision, endovascular embolization for devascularization, and local radiosurgery.
Clinical outcome following surgical or endovascular intervention is related to many characteristics of the lesion, including nidus size and venous drainage of the AVM as well as to the proximity of the lesion to eloquent cortex. 28, 30 Although conventional imaging techniques such as MR can exquisitely determine the relationship to anatomically defined regions of important cortex (such as pre-and postcentral gyri), they do not establish the relationship to functional cortex, particularly for such complex functions as language. Such information may be of value in planning surgical approach or the extent of attempted endovascular ablation. 11, 17 Moreover, the strictly anatomical localization provided by conventional MR imaging does not take into account the plasticity of brain function, which at least in theory could be relevant, given the congenital nature of the lesion as well as the associated parenchymal insults from hemorrhage and ischemia.
Blood oxygen level-dependent contrast (BOLD) imaging 21, 22 is a noninvasive functional MR imaging technique for localizing regional brain signal intensity changes in response to task performance. 4, 23, 31 This technique uses no intravenous contrast agents and depends mainly on regional changes in endogenous intravascular paramagnetic deoxyhemoglobin. 3 Signal intensity changes in BOLD functional MR imaging are attributed to the documented mismatch between increases in regional cerebral blood flow and cerebral blood volume and the much less profound increase in oxygen utilization in response to regional activation. 9, 10 As opposed to contrast-bolus MR imaging techniques 5, 6 and positron emission tomography (PET), the performance of BOLD functional MR imaging measurements is not limited by contrast agent dose or radiation limits; therefore, several activation experiments can be performed without these considerations. We combined BOLD functional MR imaging with spin-echo imaging to investigate the potential utility of brain activity mapping for treatment planning in patients with known AVMs. We hypothesized that functional MR imaging can localize regions of eloquent cortex that may be helpful in planning surgical or endovascular intervention in these patients. We also hypothesized that the congenital nature of these lesions makes AVMs a potential substrate for examining plasticity of function within the brain on functional MR imaging.
Clinical Material and Methods

Patient Population
Over a 1-year period, functional MR imaging studies were performed in selected patients with documented AVMs in or near "eloquent" cortex, based on the lesion's location provided by spin-echo MR imaging and catheter angiography as well as on the clinical assessment of the ability of the particular patient to cooperate for functional MR imaging. The patient population was composed of six patients (five females and one male; ages 16-45 years) harboring lesions in or near primary motor cortex, primary auditory cortex, Broca's area, or Wernicke's area. All subjects were entered into the study after providing informed consent and after the study received the approval of the Human Subjects Committee of the Institutional Review Board at our institution.
All patients were right-handed. Two of the lesions were in primary motor cortex (right and left sides, Cases 2 and 5), two were in the left temporal lobe (Cases 3 and 4), and two were in the left anteroinferior frontal lobe (Cases 1 and 6). The patients' clinical presentation varied with the site of the AVM (Table 1) . Five patients initially presented with seizures.
Functional MR Imaging
All functional MR studies were performed using a 1.5-tesla Signa MR imager (General Electric, Milwaukee, WI) using a prototype whole-body echoplanar imaging (EPI) gradient system with a whole-head transmit-receive coil. Foam cushions were used to immobilize the patient's head within the coil to minimize motion degradation. Gradient strengths used in our cases ranged from 1.0 to 1.25 G/cm. Functional MR imaging was performed using multislice gradient echo EPI with a repetition time (TR) of 1000 or 2000 msec, an echo time (TE) of 50 to 70 msec, and a 90˚ flip angle (64 ϫ 64 matrix, 24-cm field of view). Slice location was based on a sagittal T 1 -weighted localizer (TR 500 msec; TE 20 msec). Conventional T 1 -and T 2 -weighted (TR 2500-3000 msec; TE 90 msec) axial images were acquired at the same levels as the EPI studies for subsequent overlays. Both the EPI and anatomical images were 5 mm in slice thickness.
The design of the activation paradigms was refined with the evolution of the study because our early experience showed that a multiple on-off paradigm, if feasible, yields cleaner correlation maps. Task activation paradigms consisted of either one or multiple rest-activity cycles, the choice of which also depended on the feasibility of designing a task with multiple, short "on" periods versus a single "on" period. The single activation experiments consisted of a single cycle of rest-activation-rest (Cases 1-3). The multiple activation experiments consisted of three or six alternating periods of rest-activation (Cases 4-6). Individual rest and activation periods were of the same length within each experiment. In Case 1, 42 images were acquired at each of six slice locations (TR 1 second; rest 14 seconds; imaging time 42 seconds). In Cases 2 and 3, 60 images were acquired at four slice locations (TR 2000 msec; rest 20 seconds; imaging time 1 minute). In Cases 4 and 6, 140 images were acquired at each of 12 slice locations (TR 2000 msec; rest 40 seconds; imaging time 4:40 minutes). In Case 5, 120 images were acquired at each of 12 slice locations (TR 2000 msec; rest 20 seconds; imaging time 4 minutes).
Stimulation experiments consisted of relatively simple activation paradigms. Patients were instructed on the task and were allowed to practice briefly prior to any functional MR imaging experiment. The patients in Cases 1 and 6 were studied with a grammatical judgment task designed to activate the inferior frontal lobe. 8, 12 This consisted of either visual or auditory presentation of a word list during activation periods. The patients were instructed to identify nouns by using a slight toe movement. For the motor paradigms (Cases 2 and 5), repetitive self-paced unilateral or bilateral finger or toe movements were used. Patients were cued over the system intercom. The patients with temporal lobe lesions (Cases 3 and 4) were studied using a semantic judgment task 19 designed to activate the temporal gyri; during this study auditory stimuli were presented at a rate of approximately one stimulus per second via the scanner intercom system, and the subject responded by a slight flexion of the left hallux. In these cases, the subject listened to a series of words and gave a positive response for exemplars of the category "vegetables." This task was compared with a resting baseline in one patient and reaction to words containing the letter "B" in the other. The raw image data were transferred to computers for reconstruction and analysis. A computer program was developed in IDL (Research Systems Inc., Boulder, CO) for performing offline image reconstruction and all data analysis. The program uses IDL's widget routines to provide a graphic user interface to all program functions. The EPI image sets were smoothed in-plane using a 3 ϫ 3 kernel. An in-plane least-squares motion correction was applied; that is, the image was shifted to minimize the squared difference between the image and a reference image obtained just prior to the initiation of a given experiment.
Correlation maps 2 were generated using cross correlation between the input function (the task) and the image time-course intensity change on a pixel-by-pixel basis. Correlation maps were generated for each possible discrete time shift, in units of TR, using a convenient property of the Fourier transform. The time shift at which the correlation was maximum, in each pixel, was selected for further processing. Cutoff points for both correlation coefficients and the percent of activation were used in viewing the resulting maps. To reduce the contribution of random pixel noise further, a two-pixel nearest-neighbor rule was used.
The IDL program permits viewing of the correlation maps at a specific time shift or as a maximum correlation map. In addition to the correlation cutoff point, an activation threshold of 0.5% signal change was used in displaying the maps. When viewing the maximum correlation map, a time-shift cutoff point of 12 seconds was set to separate positive and negative correlations. (This time-shift cutoff point was chosen based on data indicating that large vessel venous phase activity is delayed beyond 8 seconds, as well as to allow a short delay between stimulus delivery via the intercom system and patient task performance.) That is, correlation maximums occurring within 12 seconds (or 12-second TR time shifts) were given positive values, and those occurring after 12-second TR time shifts were given negative values. Therefore, negative activation can include activation that is delayed but positive in absolute value, as well as activation that is negative in absolute value. Correlation thresholds that resulted in probability values less than 0.05 were used for viewing the functional maps. Probability values for the maximum cross-correlation maps were determined from the complementary error function 24 as described in the Appendix. Images demonstrating gross motion were disqualified from further analysis.
Statistical Analysis
All quantitative analysis was performed on original 64 ϫ 64-pixel data. For display purposes, these images were interpolated to the 256 ϫ 256 matrix for overlaying superimposed activation maps onto spin-echo images. The thresholded activation maps were overlaid onto T 1 -or T 2 -weighted axial images at the same slice location. The location of significant activity, as defined by our methodology, was noted and compared to the location of the spinecho-defined AVM by directly mapping activation correlation maps onto spin-echo images. Region of interest analysis was performed on activated regions in or near expected anatomical locations. The mean percent of activation, the mean correlation coefficient, the number of voxels meeting activation criteria in the region of interest, as well as the time shift distribution of the activated voxels, were determined automatically.
Results
In the six patients studied, a total of 23 separate functional MR activation studies were performed. Of these, two runs were discarded because of motion artifacts. All of the remaining studies demonstrated activation in or near expected regions for the paradigm employed. In the three cases in which specific task experiments could be repeated and where motion did not degrade one of the experiments, the qualitative activation patterns and their locations, as well as the overall range of magnitude of activation, were reproducible. The magnitude of activation in areas of maximum correlation varied from subject to subject but was generally in the range of 0.5% to 5.0% over baseline. Time-shift mapping revealed that individual maximum correlation clusters demonstrated similar intracluster time shifts (Ϯ 1 TR), although maximum correlation time-shift distributions from cluster to cluster and from subject to subject spanned the range of positive timeshift cutoff points (0-12 seconds). In addition, "negative" regions of activation were noted in several experiments in or around the AVM nidus in one patient.
Parenchymal Locations of Activation
Sensorimotor Task Activation. In the two patients with primary sensorimotor cortex AVMs, reproducible, statistically significant activation (as defined by our statistical threshold criteria) was demonstrated within the expected regions of primary sensorimotor cortex contralateral to the side performing the task. Several runs also exhibited activation within the mesial superior frontal gyri corresponding to the supplementary motor area. In one of the patients, several of the unilateral motor tasks demonstrated bilateral sensorimotor cortex activation, that is, both contralateral and ipsilateral to the side performing the task. This ipsilateral primary sensorimotor activation was reduced in extent as compared to that seen in contralateral primary sensorimotor cortex. No experiments with our task paradigms showed significant premotor cortex activity.
Language Task Activation. In both patients with left anteroinferior frontal AVMs, activation was demonstrated in the left inferior frontal lobe as well as in the superior left frontal lobe anterior to the AVM nidus. The two patients harboring temporal lobe lesions demonstrated reproducible bilateral activation within the temporal lobe as well as bilateral inferior frontal lobe activation. Bilateral activation was noted in tasks using rest as baseline, as well as in tasks using words with the letter "B" as baseline, although a marked decrease in the extent of activation (that is, the number of activated pixels) was generated with the latter in both subjects. A greater number of acti-vating pixels (that is, greater spatial extent of significant activation) was demonstrated on the right side in both of these regions. This is in contradistinction to the expected left hemispheric language dominance (both patients were right handed). In one patient in whom the AVM nidus occupied the expected location of left primary auditory cortex, the left temporal lobe activation was located posterior and superior to the expected location based on activation patterns in the normal right side (Fig. 1 ). This mismapping of activity was seen in the absence of any visible mass effect from this AVM on adjacent parenchyma, which had not bled according to medical history or MR imaging criteria. Significant bilateral activity was also demonstrated in the medial occipital cortex when using auditory presentation of word lists during the vegetable identification task.
Generally, multiactivation paradigms yielded less activation than single activation paradigms. In the minority of experiments, small regions of activation were also seen in frontal lobes, parietal association cortex, and subcortical structures. These regions were not analyzed further for extent of activation in this analysis.
Intranidus Activation
Both of the patients with AVMs situated within primary sensorimotor cortex demonstrated statistically significant activity that mapped within the apparent AVM nidus, as defined by conventional spin-echo MR imaging (Fig.  2) . Several repeat experiments demonstrated both positive and negative activation within the AVM for one of these patients. This negative activation demonstrated a wide time-shift distribution, spanning 20 to 36 seconds. (For this analysis, negative activation either meant that the positive signal change was correlated with the input paradigm at the appropriate correlation threshold, but time shifted more than 12 seconds, or that the activation was negative in absolute value.) One patient moved on to stereotactic radiosurgery; the other underwent AVM embolization via arterial catheterization. Both patients subsequently developed hemiparesis contralateral to the side of the lesion.
Four patients showed no activity within the AVM nidus itself. Of the two patients with anteroinferior frontal AVMs, one patient underwent embolization and surgical removal of the lesion with no postoperative deficit. The other underwent embolization and developed no posttherapy deficit. Both patients with temporal lobe AVMs underwent surgical removal of their lesions. One developed a transient postoperative conductive aphasia, which completely resolved. The second developed a right homonymous hemianopsia.
Discussion
Our results demonstrate that functional MR imaging can be performed successfully and, in a qualitative sense, reproducibly in selected patients with intracranial AVMs. All of the patients we studied were able to perform the activation tasks adequately. Over 90% of the studies demonstrated statistically significant activation in or near the expected regions for the paradigm used. As an incidental finding, our temporal lobe activation studies also demonstrated reproducible, bilateral activation in the medial occipital lobes. The paradigm we used required the patients to identify vegetables from an auditory word list. We postulate that this task may have promoted visual cortex activation through mental imagery of the word list. Other regions of activation were also observed for many of the studies; however, these were nonreproducible in nature and not further characterized.
Some of our patients in this small series demonstrated reproducible regional localizations of functional activity in unexpected sites, which we propose can be attributed to alterations in the normal pattern of regional representation of brain function due to the presence of a congenital lesion. It should be recognized that large studies of normal control subjects have not been performed in task activation functional MR imaging because of the nascent stage of this new and evolving technique. Moreover, complex grammatical and semantic judgment tasks are less well understood than simple motor tasks; therefore, activation patterns are somewhat difficult to assess. We also recognize that it is highly likely that functional MR imaging will generate new data on regional mapping of brain functions because of its unique capability of revealing such information from a single experiment on a single individual in real time. Therefore, "aberrant" or "unexpected" activation, as depicted by functional MR imaging, cannot be absolutely proven as such. However, prior studies using a variety of task designs can be found throughout the PET literature, and, for lack of a better standard, we have generally based our interpretations on those studies. Some of these activated regions could also be explained by aspects of the task that were not controlled in the baseline condition. In both cases of left temporal lobe lesions, primary auditory cortex paradigms demonstrated greater activity in the right nonaffected temporal lobe. In one patient in whom no neurological deficit was apparent, the activity in the left temporal lobe was located posterior and superior to its expected location and to its representation in the normal right hemisphere. It is highly unlikely that this aberrant activation is simply a reflection of displacement of the normal gyri involved in this function because AVMs that have not bled, as in this case, typically show no evidence of mass effect; rather, these lesions replace the space that would normally be occupied by brain parenchyma. 7 This characteristic absence of mass effect of AVMs without hemorrhage is widely recognized in neuroradiology and routinely demonstrated on both computerized tomography and MR imaging.
Our findings of aberrant mapping of cortical function may be explained on the basis of the plasticity of brain function, in that the developing brain can take over function that would normally have been performed by regions of brain encompassed by the lesion. The congenitodevelopmental nature of the AVM lends itself to such a model. There is clear experimental evidence indicating a dynamic cortical capacity for functional reorganization. 25 The mechanisms underlying such cortical reorganization in acquired lesions are not fully elucidated, but sprouting of new axon terminals from adjacent cortical areas as well as unmasking of preexisting areas due to disinhibition have been proposed. 32 This alteration of the cortical map can be caused by prenatal, early postnatal, and adult factors. 32 Kujala, et al., 16 examined event-related potentials in patients with early blindness (afflicted before 2 years of age). They suggest that the plasticity of neural populations of auditory space may result in recruitment of parietal or occipital regions of the brain normally used in visual processing. Jenkins and colleagues 15 have performed neocortical representation of hand digits in adult primates using electrophysiological recordings. They demonstrated remapping of cortical representation following amputation or fusion of the digits. Modification of somatosensory cortical representation due to neonatal infarction has been documented on imaging by magnetoencephalography. 18 Weiller, et al., 33 performed PET imaging in patients recovering from striatocapsular stroke. Based on their findings, these authors suggest functional recruitment of additional sensorimotor and other cortical areas when compared with normal controls.
The two patients with left temporal lobe lesions examined in this study had their AVMs in regions that should be involved in language processing. 19 Both patients were right-handed, further supporting a left hemisphere-dominant role. Both patients demonstrated bilateral temporal lobe activity. However, there was greater activity on the right side, both in the region of the temporal lobes and in the inferior frontal area corresponding on the left to Broca's area. The reproducible finding of greater activity in the right inferior frontal region for the language tasks was unexpected. This was also demonstrated in the case of one patient (also right-handed) with a left frontal AVM. Although one of these patients was male and the other two were female, our study population was too small either to confirm or contrast with the recently reported gender-related differences in the bilaterality of frontal lobe activation seen in such tasks. 27 Although we recognize that the optimal statistical analysis methodology for functional MR imaging has not been determined, our technique of data analysis is in some ways unique and may allow previously undetected regions of activation to be seen. Moreover, exploration of activation over the time domain can theoretically provide new information about regional differences in brain function. Correlation analysis of functional MR data sets is a robust technique that has been used for demonstrating regions of activation. 4 In many reports, the linear correlation coefficient was calculated for a specific time shift, based on a "typical" time delay between stimulus onset and signal intensity change (usually 4-8 seconds 2, 4, 23 ). That approach may overlook useful information present in the data sets. Regions that demonstrate correlations outside of this preselected range of time shifts ("out of phase") can be completely undiagnosed. Moreover, the hemodynamic effects of vascular lesions such as AVMs on functional MR findings, a blood flow-based technique, have not been determined. Our approach uses the maximum correlation map from the cross-correlation function, thereby preventing such omissions in activated regions. Our choice of 12 seconds as a cutoff point for displaying "positive" correlations was selected to encompass the known delay time in activation, as well as a small additional delay to compensate for the variable of actual initiation of a task as opposed to the request for the task initiation. As part of our analysis, we also considered time-shift correlation maxi-mums of one cycle time minus one TR as positive (that is, for on + off time of 40 seconds and TR of 2000 msec, 38 seconds). Regions outside of these time shifts are displayed as "negative" correlations. These regions represent areas that are correlated with the input stimulus, but at time shifts beyond the normally expected range of delay in signal change. The correlation analysis does not address whether these regions are truly negative; that is, whether or not they demonstrated signal intensity decreases in an absolute sense from baseline. Additionally, we recognize that any specific definition of positive versus negative activation based on the time delay from stimulus does not take into account changes in regional blood flow characteristics (altered cerebral vasoreactivity, shunting, and steal) due to the presence of the AVM or secondary pathology, which need further investigation.
The localization of primary sensorimotor cortex using similar functional MR imaging studies has been validated with invasive cortical mapping in prior studies.
14 However, it should be noted that there is some variation in the magnitude of functional MR signal changes in primary sensorimotor cortex in response to activation experiments reported in the literature by different groups. This apparent inconsistency in the literature is probably due to many factors, including differing acquisition techniques, volume averaging, nonstandardized task performance, variation in statistical testing of data, and even seemingly correlated but artifactual changes caused by motion. 13 Our range of signal intensity changes for primary sensorimotor cortex is in agreement with the predicted value at 1.5 tesla 3 and previously published data. We recognize that the most appropriate or optimal statistical methodology in the analysis of functional MR imaging data has not yet been defined and that there continues to be considerable investigation aimed at defining such techniques. Moreover, the value and meaning of statistical tests in isolation are debatable in task activation functional MR imaging studies of the brain because statistical measures fail to take into consideration important nonstatistical components of the data, such as the neuroanatomical location of the activation. For instance, motion as well as other "pseudoactivation" artifacts can display statistically significant correlation with the performance of a given task. We are currently working on a statistical center-of-mass calculation to screen for correlated motion. In our current study, strict statistical tests and other methods were included in the data analysis, based on correlation analysis of the temporal course of activation changes and the input function of the paradigm. Although our thresholds may be somewhat arbitrary, we used strict significance criteria 2 to achieve a high confidence level for areas of activation. In fact, it is quite possible that our significance thresholds were too strict in this study compared to those of some other investigators, so that our regions of functional MR imaging activation may indeed be inappropriately smaller than necessary. Despite our strict threshold criteria and nearest-neighbor requirement, we still identified ipsilateral primary sensorimotor cortex in some cases and supplementary motor area cortex activation in motor task experiments, regions reported to have activation in some prior functional MR imaging and PET reports. 26 Notwithstanding the small number of subjects, the results of this study indicate that activity demonstrated within the AVM nidus may help predict the development of a posttherapy deficit. Both patients with intranidus activation developed complications of therapy, whereas only one of four without intranidus activation showed a posttherapy deficit. One of the two patients demonstrating activity within the AVM nidus developed a left hemiparesis after radiosurgery. Clearly, it is impossible to prove that outcome in such a small series is in fact correlated to the localization of functional MR imaging activation or, for that matter, that specific aspects of treatment alone were not the true causes of resultant deficits. For instance, the radiation portal may have encompassed more area than the AVM, resulting in the associated motor deficit. In the other patient with intranidus activation, activity in the apparent nidus of the AVM was consistently observed with tasks involving the right hand or foot. The most conspicuous example of this activity was seen during the right hand experiment, which demonstrated a large area of activation mapping directly into the AVM nidus (Fig.  2) . Postembolization, this patient developed a right upper-extremity hemiparesis with some associated right foot weakness. Although on pathological examination, there is no brain tissue within the central AVM nidus, there is typically brain parenchyma interposed between the feeding and draining vessels that constitute most of the lesion. The resolution provided by our functional MR imaging technique is probably not adequate to resolve this distinction; indeed, any blood flow-based technique (like BOLD functional MR imaging) might not be capable of making this distinction. We stress that we do not claim that the functioning tissue responsible for posttreatment deficits is actually within the nidus. Furthermore, the blood supply to interposed regions or adjacent regions of parenchyma may be identical to that of the AVM. The finding of positive and negative functional MR activations (or nonuniformity of time shifts) in the AVM suggests that this may be the case. The small number of cases in our study precludes us from providing a confident explanation for this finding, but we can state that the use of a statistical technique for functional MR data analysis that does not account for the phase differences in signal response would fail to detect much of the activity seen in this case and would not be able to document differences in activation occurring in the time domain.
Conclusions
We have demonstrated that functional MR imaging can be successfully and reproducibly performed in patients with intracerebral AVMs. Our preliminary findings support cortical reorganization associated with these congenital lesions. Although our patient population was small, the observation of activation within the confines of the apparent AVM nidus may be a prognostic indicator for a posttherapy deficit. Blood oxygen level-dependent functional MR imaging is a noninvasive method used to localize areas of eloquent cortex in patients harboring AVMs; it may prove to be of value in treatment planning. the complementary error function, 24 (errorf). For N images and a correlation threshold of cor, the p value for a preselected pixel at a single time shift can be determined from: ef = errorf(cor * sqrt(N))/(sqrt(2))
[1] where p = 1 Ϫ ef.
For the maximum correlation map that samples across all time shifts, Pmax = 1 Ϫ (ef ^N ).
[2] The nearest neighbor-corrected p value (Pnn) is determined as Pnn = Pmax * (1Ϫ (1 Ϫ Pmax) ^8 ).
[3] A Bonferroni correction is also applied for an ␣ level of 1500 pixels (which is a generous estimate), thus Pbon = 1 Ϫ (1 Ϫ Pnn)^1500. [4] This analysis assumes a Gaussian distribution from the error function. Also, Pbon is the p value for any pixel achieving threshold value and does not presuppose a positive or negative activation. The p value for positive activations is actually different from that for negative activations, depending on the value of the time-shift cutoff (TSC) point. For positive activations, the value of N in [2] would be TSC/TR. Thus with a TSC point of 12 msec, positive activations are more significant than negative activations. Similarly they are more significant than Pbon as it is determined here.
